1. Introduction {#s0010}
===============

Particle engineering is an important strategy for solving problems in drug delivery by dry powder inhaler (DPI). Lactose in the size range of 20--100 µm is usually used as coarse carrier in DPI formulations [@bib0010]. In this size range, the flowability of the powder is optimal leading to a better DPI performance [@bib0015]. Besides size and size distribution, particle shape is also important because it can influence not only powder flow [@bib0020] but also the performance of a formulation [@bib0025]. Irregularly shaped particles, such as needle shape, are superior to more iso-dimensional particles for DPI [@bib0030]. Surface roughness can also affect the performance by modifying the available contact area of the carrier [@bib0035]. In the literature, there is a wealth of information on the production of spherical shaped particle [@bib0040], [@bib0045] but only a paucity of information on how to produce irregular shaped particles, such as needle or slab-shaped particles. Irregular shaped particles were mainly produced by controlled crystal growth in a solution, often in different solvent systems [@bib0050], [@bib0055], [@bib0060], [@bib0065], [@bib0070], [@bib0075], [@bib0080] or by changing crystallization parameters [@bib0085], sometimes aided by the addition of additives [@bib0090], [@bib0095], [@bib0100]. Sonocrystallization was also successfully used to prepare needle-shaped crystals of both excipients [@bib0105], [@bib0110], [@bib0115] and APIs [@bib0120]. The disadvantage of utilizing solution crystallization is the potential complexity in polymorph control [@bib0125]. In addition, it often requires several trials to arrive at a suitable solvent system, if that could ever be achieved. Surface roughness modifications were only achieved by mechanofusion and partial recrystallization [@bib0130]. Most importantly, those methods, although useful, have several disadvantages that make them difficult to scale-up. Hence, a simple dry particle engineering process for generating irregularly shaped particles is highly desirable.

Jet milling is a well-established method for producing particles in the range of 1--5 µm for many organic crystals. However, it has been largely overlooked as a possible process for producing 20--100 µm particles. Lactose is the most commonly used carrier in pharmaceutical industry for DPI. We hypothesize that fracture of lactose crystals along energetically preferred crystallographic planes during jet milling could modify the typical tomahawk shape of lactose particles and produce novel irregular shape particle. The purpose of this study was to test this hypothesis and identify optimum jet milling parameters for commercial manufacturing of such lactose particles.

2. Materials and methods {#s0015}
========================

2.1. Preparation of materials {#s0020}
-----------------------------

Commercial lactose (Lactose 100M; Pharmatose 100M, DMV, Veghel, The Netherlands) was used as a model material. Lactose 100M was used to produce powders in the size range of 20--100 µm using an air jet sieve (Hosokawa Micron, Summit, NJ, USA) with sieve aperture sizes of 45 µm and 105 µm, referred as LA-100M. The sieving time for each sieve was 180 s, and the vacuum pressure was set at 30--35 cm water.

A fluidized bed opposed jet mill (AFG 100, Hosokawa, Augsburg, Germany) has 3 modules: classifier, grind milling, and air jet milling. The classifier is to sort the size of the particles, allowing only the desired size particles to pass through for collection. Lactose 100M was classified using the classifier at various classifying wheel speeds. Coarse particles with the size fraction equivalent to the sieved coarse carrier were obtained and referred as LC-100M. Lactose 100M was also milled using the classified grind milling function at various classifying wheel speeds. Again, the size fraction equivalent to the sieved coarse particle was obtained and the product was labeled as LG-100M. The experimental conditions are listed in [Table 1](#t0010){ref-type="table"}. Lactose 100M was jet milled at the pressures of 3 and 5 bars and at various classifying wheel speeds. The resulting lactose powders were noted as LJ-100M. The experimental conditions for jet milled coarse particle are listed in [Table 2](#t0015){ref-type="table"}.Table 1Experimental conditions for conventional particles.Table 1BatchMethodLactose gradeClassifier speed (rpm)LA-100MAir jet sieving100M--LC-100M-4KClassifying100M4000LC-100M-3KClassifying100M3000LC-100M-2KClassifying100M2000LG-100M-4KClassifier grind mill100M4000LG-100M-3KClassifier grind mill100M3000LG-100M-2KClassifier grind mill100M2000Table 2Parameters for producing the jet-milled coarse particles.Table 2BatchMeshClassifier speed (rpm)Pressure (bar)LJ-100M-4K-3b10040003LJ-100M-4K-5b10040005LJ-100M-3K-3b10030003LJ-100M-3K-5b10030005LJ-100M-2K-3b10020003LJ-100M-2K-5b10020005

2.2. Size determination {#s0025}
-----------------------

Particle size distribution was determined using a laser diffraction particle sizer (Coulter LS 230, Coulter Corporation, Hialeah, FL, USA), equipped with a small volume module. Powders were sonicated in isopropyl alcohol (IPA) for 0.5 min to break the agglomerates before measurement, following an earlier study [@bib0135]. The D~v(10)~, D~v(50)~ and D~v(90)~ values (representing the 10th, 50th and 90th percentiles of the cumulative size plot, respectively) of the samples were determined. The spread of the size distribution was represented by the span \[(D~v(90)~ − D~v(10)~/D~v(50)~\], where a larger span value indicates a broader size distribution.

2.3. Shape and surface morphology determination {#s0030}
-----------------------------------------------

Shape and surface morphology were examined using scanning electron microscopy (SEM). SEM photomicrographs were captured using the Phenom SEM (FEI, Hillsboro, OR, USA) without coating. The shape of particles was expressed using aspect ratio, a quotient of the length to width.

2.4. Tapped density determination {#s0035}
---------------------------------

Each powder was transferred into a graduated cylinder with an exact volume of 10 mL and excess powder was removed with a spatula. The tapped density was measured by tapping the powder using a Tap Density Tester (TD 2, SOTAX Corporation, Hopkinton, MA, USA). Tapped density value of the powder was calculated from the weight and the final volume of the powder. The measurements were performed in triplicate.

2.5. X-ray diffraction {#s0040}
----------------------

To monitor the phase purity of lactose manufactured under different conditions, the feed materials and milled samples were analyzed using powder X-ray diffraction (PXRD) with Cu *K*~α~ radiation (XRD 2000, Shimadzu, Kyoto, Japan). The 2θ range of the scan was 2--55° with a step size of 0.02° and a dwell time of 5 s.

2.6. Roughness measurement {#s0045}
--------------------------

For each batch, 60 particles were randomly selected and analyzed using optical profiler (Wyko NT1100, Veeco, Tucson, AZ, USA). Surface roughness of the carrier particles was analyzed under a field of view of 109.7 µm × 144.1 µm. Surface roughness was quantified using the arithmetic mean roughness (R~a~) calculated from an area of 20 µm × 20 µm using Vision 3.0 software (Veeco, Tucson, AZ, USA). The small area for roughness measurement was necessitated by the limited surface area of each particle. The area for roughness measurement was adjusted for particles smaller than 20 µm.

2.7. Fracture strength measurement {#s0050}
----------------------------------

A Nanoscope IIIa Multimode AFM (Veeco Metrology Group, Santa Barbara, CA) was used to test the fracture strength for different sides (side 1 and side 2 in [Fig. 1A](#f0015){ref-type="fig"}) of sieved (20--100 µm) individual Pharmatose 100M particles. The narrower side of lactose particle is side 2 while the wider side is side 1. The identification of side was aided by the optical microscopy on the indentor. The experiments were performed on at least 100 individual particles at 25 °C and 50% RH using a procedure similar to that reported elsewhere [@bib0140]. The load that fractured the particle was recorded. The conditions were: 25 nm/s surface approach velocity, time to load of 30 s, surface approach distance of 1000 nm, allowable drift rate of 0.5 nm/s, and the maximum load of 500 mN.

2.8. Data analysis {#s0055}
------------------

Statistical analysis between different batches was carried out using the Student\'s *t*-test at a P-value of 0.05 using a statistical package (Minitab, Version 15.1.0.0, Minitab Inc., USA).

3. Results and discussion {#s0060}
=========================

3.1. Particle size, shape, and tapped density {#s0065}
---------------------------------------------

Sieved, classified, and classified grind milled lactoses were all tabular ([Fig. 1](#f0015){ref-type="fig"}). Surprisingly, jet milled lactose particles were slab-like ([Fig. 1D](#f0015){ref-type="fig"}) and each individual lactose particle presented two different cross-section profiles. One side appeared tabular while the other was more needle-like. For the tabular section, the aspect ratio was in the region of about 1.5 whereas the needle-shape section had an aspect ratio of 3--5. Particle size, shape, and tapped density for all batches are listed in [Table 3](#t0020){ref-type="table"}, [Table 4](#t0025){ref-type="table"}. The coarse particles were in the size range of 8--100 µm.Fig. 1SEM photomicrographs of lactose particles using process: (A) sieved; (B) classified; (C) classified grind milled; (D) jet milled; (E) jet milled lactose at 3000 rpm classifier speed. The scale bar is 100 µm.Fig. 1

For classified lactose, with and without milling (LG-100M and LC-100M in [Table 3](#t0020){ref-type="table"}, respectively), higher classifying speed corresponded to smaller particle size as expected ([Table 3](#t0020){ref-type="table"}). This is because a higher rotational speed exerted a greater centrifugal force allowing only smaller, lighter lactose particles to be carried along the air stream against the centrifugal force to pass through the vanes of the classifying wheel into the product collection bin. Classified particles (LC-100M) and classified grind milled particles (LG-100M) had the same tapped density as sieved particles (LA-100M) ([Table 3](#t0020){ref-type="table"}).Table 3Size, shape and tapped density results for conventional particles.Table 3BatchSizeAspect ratioTapped density (g/ml)D~v(50)~ (µm)SpanLA-100M65.4 ± 2.541.311.50 ± 0.670.65 ± 0.02LC-100M-4K15.9 ± 1.672.411.40 ± 0.310.63 ± 0.02LC-100M-3K23.2 ± 1.552.521.43 ± 0.210.69 ± 0.02LC-100M-2K54.8 ± 1.202.011.39 ± 0.190.64 ± 0.01LG-100M-4K16.1 ± 1.322.331.21 ± 0.160.64 ± 0.02LG-100M-3K27.1 ± 1.342.151.33 ± 0.270.65 ± 0.02LG-100M-2K46.8 ± 1.982.311.29 ± 0.150.62 ± 0.01

The median particle size of the coarse jet milled lactose ([Table 4](#t0025){ref-type="table"}, LJ-100M) was smaller but the size distribution was wider compared with sieved lactose particles ([Table 3](#t0020){ref-type="table"}, LC-100M). As expected, higher jet milling air pressure resulted in smaller particles ([Table 4](#t0025){ref-type="table"}, LJ-100M-4K-5b, 100M-3K-5b, 100M-2K-5b) because of the higher particle--particle collision velocity induced by the higher air pressure. The tap density of jet milled particles ([Table 4](#t0025){ref-type="table"}, LJ-100M) was lower than sieved ([Table 3](#t0020){ref-type="table"}, LA-100M) and classified particles ([Table 3](#t0020){ref-type="table"}, LC-100M). This can be explained by the less efficient packing of the slab-like particles than the sieved tomahawk particles.Table 4Size, shape and tapped density results for jet milled coarse particle.Table 4BatchSizeAspect ratioTapped density (g/ml)D~v(50)~ (µm)SpanLJ-100M-4K-3b41.03 ± 3.132.191.47 ± 0.020.54 ± 0.03LJ-100M-4K-5b30.72 ± 5.621.971.45 ± 0.010.55 ± 0.04LJ-100M-3K-3b18.09 ± 2.312.381.53 ± 0.040.54 ± 0.06LJ-100M-3K-5b12.12 ± 2.462.211.53 ± 0.010.61 ± 0.04LJ-100M-2K-3b10.33 ± 3.452.261.53 ± 0.010.61 ± 0.01LJ-100M-2K-5b8.097 ± 1.562.421.50 ± 0.030.67 ± 0.03

The shape values of jet milled lactose particles varied with classifying wheel speed ([Table 4](#t0025){ref-type="table"}). Smaller particles collected using a higher classifying wheel speed were more uniform in size and appeared rounder [@bib0145]. More slab-like particles were obtained at the classifier wheel speed of 3000 rpm (LJ-100M-4K-3b, LJ-100M-3K-3b, LJ-100M-2K-3b), as indicated by aspect ratio shown in [Table 4](#t0025){ref-type="table"}. This also occurs for classified grind milled coarse lactose (LG-100M-3K). It is attributed to the retention time of the particles in the milling chamber determined by the classifier wheel speed. The preset classifier wheel speed determines which size of particles can pass through. A higher classifier wheel speed generates a greater centrifugal force allowing only smaller particles to pass through; whereas a lower speed generates a lower centrifugal force allowing bigger particles to pass through. Hence, the product using a lower classifier wheel speed will be experiencing shorter fracture period. On the other hand, it would require longer time to mill down the particles to the required smaller size when the classifying wheel speed was higher. Therefore, an optimal wheel speed needs to be identified to produce more slab-like particles. A shorter residence time might not be enough for complete fracture required for forming slab-like particles. On the other hand, a longer residence time led to extensive particle attrition and, hence, rounder particles were obtained. In either case, the proportion of slab like particle was lower than the 3000 rpm wheel speed. Jet milled particles ([Table 4](#t0025){ref-type="table"}, LJ-100M) had slightly higher aspect ratio value than the sieved particles ([Table 3](#t0020){ref-type="table"}, LC-100M) (*P* \> 0.05). However, it should be noted the aspect ratio is a simplistic two-dimensional parameter and thus cannot fully describe the 3-dimensional shape of the jet milled lactose, which is an elongated slab as discussed earlier ([Fig. 1D](#f0015){ref-type="fig"}).

3.2. Surface roughness {#s0070}
----------------------

The surface for sieved lactose without fines was relatively flat and smooth with very few crevices and protrusions ([Fig. 2A](#f0020){ref-type="fig"}). The R~a~ was 185.44 ± 54.81 nm. By comparison, the R~a~ of jet milled coarse carrier was 328.02 ± 100.76 nm ([Fig. 2B](#f0020){ref-type="fig"}) which is significantly rougher than that of sieved coarse carrier (*P* \< 0.05). The higher roughness of jet milled particles is likely a result of random impact between particles during jet milling and imperfect propagation of cracks along crystallographic planes.Fig. 2Surface roughness of (A) sieved coarse carrier and (B) jet milled coarse carrier.Fig. 2

3.3. Crystallinity {#s0075}
------------------

It is known that crystallinity generally reduces when a prolonged milling is employed [@bib0150], [@bib0155], [@bib0160], [@bib0165], [@bib0170], [@bib0175]. However, jet milled coarse carriers in this study remained highly crystalline as shown by PXRD data ([Fig. 3](#f0025){ref-type="fig"}). This may be attributed to the short resident time in the milling chamber.Fig. 3PXRD for (A) raw lactose and (B) jet milled lactose.Fig. 3

3.4. Fracture strength test and collision hypothesis {#s0080}
----------------------------------------------------

The fracture strength of single lactose particle ([Fig. 1A](#f0015){ref-type="fig"}) was 0.072 MPa for side 1 and 0.175 MPa for side 2, which is similar to a previous report [@bib0140]. The difference in fracture strength of different sides was also reported elsewhere [@bib0180]. Similarly, it was found that the broad flat side of the jet-milled particles had the higher fracture strength than the narrow elongated sides. Thus, cracks will be more easily generated when the weaker side of the lactose crystal was impacted during collision between particles. The slab-like appearance of the milled lactose particles was brought about by this mode of attrition during milling. The air flow also tended to orientate particles with their longest face along the direction of airflow; hence collision more likely occurred between the narrow sides of neighboring particles. Moreover, cracks more readily propagated along this direction to become parallel to the axial direction of the compressive stress. These cracks propagated and started to interact with neighboring cracks inside of the particle, thus brought about crack coalescence and finally, macroscopic particle fractured [@bib0185]. Therefore, the narrower face would be sliced broken to result in slab-shape lactose particles. The step-wise formation mechanism of the slab-like lactose particles is illustrated in [Fig. 4](#f0030){ref-type="fig"}.Fig. 4Illustration of slab-like particle formation.Fig. 4

4. Conclusions {#s0085}
==============

A new type of slab-like lactose particles was produced by jet-milling. Bulk powders of this carrier particle type in the range of 8--45 µm were obtained by controlled jet milling. Production of slab-like particles depends on the particle retention time in the milling chamber. Optimal retention time is needed for complete fracture of lactose particles to occur. A higher classifier wheel speed resulted in a shorter retention time while a lower classifier wheel speed led to a longer retention time. The optimal conditions involve a classifier wheel speed of 3000 rpm during jet milling, which corresponded to the production of a relatively higher amount of slab-like particles in the milled product. The newly obtained slab-shaped particle has potential application in dry powder inhaler formulation where powder property is critical in final product performance.
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